Plants release a wide set of secondary metabolites including volatile organic compounds (VOCs). Many of those compounds are considered to function as defense against herbivory, pests, and pathogens. However, little knowledge exists about the role of belowground plant VOCs for attracting beneficial soil microorganisms. We developed an olfactometer system to test the attraction of soil bacteria by VOCs emitted by Carex arenaria roots. Moreover, we tested whether infection of C. arenaria with the fungal pathogen Fusarium culmorum modifies the VOCs profile and bacterial attraction. The results revealed that migration of distant bacteria in soil towards roots can be stimulated by plant VOCs. Upon fungal infection, the blend of root VOCs changed and specific bacteria with antifungal properties were attracted. Tests with various pure VOCs indicated that those compounds can diffuse over long distance but with different diffusion abilities. Overall, this work highlights the importance of plant VOCs in belowground long-distance plant-microbe interactions.
Introduction
Plants are exposed during their entire life to various environmental stresses such as water-and nutrient limitation, pathogenic infections, and herbivory [1] . Interactions with so-called beneficial or plant growth-promoting microbes can relieve stresses [2] . Moreover, plants appear to be able to recruit those beneficial microbes to their roots [3] [4] [5] . Plants produce a wide set of secondary metabolites (>200,000 [6] and many of these metabolites play important role in belowground interactions, communication, or recruitment of soil organisms. For instance, legumes produce flavonoids to attract nitrogen-fixing bacteria [7] and maize exudates benzoxazinoids to attract plant growthpromoting bacteria such as Pseudomonas putida [8] .
Besides soluble secondary compounds plants release various volatile organic compounds (VOCs) involved in interactions with surrounding soil organisms [9] . It is estimated that VOCs constitute about 1% of plant secondary metabolites [10] . VOCs are small compounds of low molecular weight, lipophilic character, with high vapor pressure and low boiling points [11] [12] [13] [14] . Due to their physicochemical properties, VOCs can easily diffuse through gasand water-filled pores and can, therefore, have a wide effective range in soil. Plant VOCs emitted by roots can function in multiple ways such as antimicrobials, food source, chemo-attractants, or infochemicals [9] . For example, root VOCs like (+)-enantiomers of carvone, limonene, and borneol have been shown to promote bacterial quorum sensing [15] . Furthermore, maize plants release the sesquiterpene (E)-β-caryophyllene in the rhizosphere when attacked by root feeding beetle larvae, resulting in enhanced attraction of nematodes [16] [17] [18] . Interestingly, a very fast emission of sesquiterpenes was also seen to be triggered in maize and other cereal plants upon infestation by Fusarium spp. [19] [20] [21] and terpenoid production of potato plants was affected by the inoculation with Phytophthora infestans [22] .
However, so far it was not shown if plant VOCs such as terpenes can stimulate the motility of bacteria in the bulk soil. Moreover, it is unknown if plants can actively recruit beneficial soil microorganisms by emitting VOCs into the rhizosphere. Recent studies on microbial VOCs demonstrated that bacterial motility can be stimulated by VOCs [23] [24] [25] , although the applied test systems were rather artificial.
In this study, we tested the hypothesis that VOCs emitted by plants into the rhizosphere can attract soil bacteria from a long distance. To test this hypothesis, a glass olfactometer system was designed to monitor bacterial migration in soil. With this system, we tested (1) if bacteria from a synthetic soil microbial community (originating from the rhizosphere of Carex arenaria) can be attracted to root VOCs emitted by C. arenaria and (2) whether there is a difference in the bacterial attraction when the roots of this plant were infected by the soil-borne fungal pathogen Fusarium culmorum. VOCs emitted from infected or non-infected roots were collected, analyzed and, in addition, the diffusion ability of some pure compounds in soil was examined.
The obtained results revealed for the first time that migration of distant soil bacteria outside the rhizosphere can be stimulated by plant root VOCs and that specific bacteria can be attracted by VOCs of plants infected by a fungal pathogen.
Material and methods

Microorganisms and growth media
All bacterial strains (Burkholderia sp. AD024, Collimonas pratensis Ter91, Dyella sp. AD056, Janthinobacterium sp. AD080, Paenibacillus sp. AD087, and Pseudomonas sp. AD021) and the fungus F. culmorum PV were isolated from the rhizosphere of C. arenaria (Supplementary Information  Appendix S1 and Table S1 ) and cultured as described before [24, 26, 27] . Asexual spores (conidia) of F. culmorum were obtained by growing the fungus on Difco TM oatmeal agar plates (Becton, Dickinson and Company, France) with 0.2 mg ml −1 streptomycin for 3 weeks at 25°C
. Collected spores were washed twice in sterile demineralized water (demi-water), counted, and kept at −80°C until use.
Plants and cultivation
C. arenaria seeds were obtained from B and T World Seeds (Aigues-Vives, France). Prior use, the seed were surface sterilized with 70% ethanol and 4 g l −1 sodiumhypoclorite (bleach). In brief, seeds were incubated overnight in 150 ml demi-water containing 0.5 g glucose and four drops of Tween 80 to increase germination success. The next day, the seeds were washed three times for 1 min in 70% ethanol, two times with bleach, and four times in sterile demi-water. Seeds were germinated on 0. ) and regularly watered with sterile demi-water.
Infection bioassay
Infection bioassays with F. culmorum were performed with 4-week-old C. arenaria plants which were previously cultivated on glass beads. The plants were infected with F. culmorum by dipping the roots into 10 7 ml −1 spore suspension and planting it in F. culmoruminfected soil (9% w/w moisture) which was pre-incubated for 4 
Olfactometer bioassay
The set-up of the olfactometer bioassay consisted of four different treatments ( Fig. 2a) : Control (n = 3), F. culmorum (n = 3), Carex (n = 4), and Carex inoculated with F. culmorum (n = 4). The control treatments without plants and fungus consisted of 90 g soil mixed with 1.3 ml demi-water, 4.5 ml P-buffer (10 mM KH 2 PO 4 , pH 6.5), and 2.7 ml artificial root exudate solution (ARE, [27] ). For the treatment with F. culmorum, 32.5 g F. culmorum-infected soil was pre-incubated for 10 days with 3 × 10 5 spores per gram soil, 0.95 mg per gram soil glucose, 0.04 ml per gram soil Pbuffer, and 0.01 ml per gram soil demi-water at 20°C. This soil was mixed with 60 g dry soil, 3.29 ml 10 mM P-buffer, and 2.7 ml ARE. The final carbon content for the treatments supplied with ARE was 222 µg C per gram soil. Five-weekold Carex plants were treated or non-treated with F. culmorum and incubated for 5 days with the same day-night cycle conditions as described above. In brief, root tips of Carex plants were dipped in F. culmorum spore suspension (1.1 × 10 7 spores ml −1 ) and planted into sterile hand-made nylon bags (0.5 mm mesh size, about 100 ml volume) containing 60 g soil mixed with macro-and micronutrients as described above and 32.5 g of F. culmorum-infected soil (see above) which was pre-incubated for 6 days at 20°C. For the non-treated plants, root tips of the Carex plants were dipped in sterile demi-water and planted in sterile nylon bags containing 90 g soil, demi-water, phosphate-buffer as well as macro-and micronutrients. The soil moisture in all central vessels was 9.4% w/w. For each treatment, two of four glass tubes connected to a central pot were filled with 10 g soil mixed with 0.5 ml Pbuffer (10 mM KH 2 PO 4 , pH 6.5) and 0.3 ml ARE to obtain a final carbon concentration of 148 µg C per gram soil. The other two glass tubes were filled only with soil (10 g) mixed with 0.8 ml P-buffer (Fig. 2a) . At the end of each glass tube (8.0% w/w soil moisture), 100 µl of bacterial suspension consisting of six different bacteria was inoculated. Before, overnight cultures of the bacteria were set up [27] and harvest by centrifuging for 10 min at 5500 rpm and 18°C, followed by two times washing steps with P-buffer and OD adjustment to obtain 10 8 CFU ml −1 . The bacterial suspensions were finally diluted to about 5 × 10 5 CFU ml −1 and mixed. After filling, closing and connecting all glass tubes the nylon bags with the soil and plants were added to the system. The olfactometer system was covered with aluminum foil (Supplementary Information Appendix S1 and Figure S1 ) and incubated at 20°C with a 16/8 h day-night cycle.
After about 65 h, soil in distance of 0.8 cm from the connection point (Fig. 2a) was collected from each glass tube and stored at −80°C till DNA extraction. Plants were harvested, carefully rinsed with water, and scanned with an Epson Perfection V850 Pro Scanner. Furthermore, infected and non-infected parts of the root were microscopically visualized with Leica MD641 and Leica Application Suite Version 4.7.0 (Leica Microsystems B.V., Amsterdam, The Netherlands).
Volatile collection and analysis
VOCs released in the soil from F. culmorum or Carex roots were collected with steel traps filled with 150 mg Tenax TA and 150 mg Carbopack B (Markes International Ltd, Llantrisant, UK). The traps were connected to glass vessels (4.5 cm diameter and 6.5 cm height) with two outlets at the side (Supplementary Information Appendix S1 a and Figure S2 ). The vessels contained nylon bags filled with soil, soil and F. culmorum, or soil and Carex plants similar to the treatments described above. For each treatment, VOCs of four replicates were collected for 24 h simultaneously by two traps per vessel. Traps were removed, capped, and stored at 4°C until GC-MS analysis (Supplementary Information, Appendix S1).
Diffusion assay of volatile pure compounds in soil
For testing the diffusion ability of pure volatile compounds, a mix of VOCs representative for the VOCs blend produced by Carex roots and/or F. culmorum was used (Supplementary material Appendix S1 and S2, Tables S2 and S4).
A glass olfactometer system was set-up with a central glass vessel (4.5 cm diameter, 6.5 cm high) and two rectangular glass tubes (12.5 cm length and 1.1 cm high), which were connected via screw thread adapter couplings (see above) to the central vessel (Fig. 4a) . Both, central vessel and glass tubes were covered with aluminum foil, which was fixed with parafilm to minimize evaporation of the volatile compounds. The central vessel contained 60 g soil mixed with sterile demi-water (9.4% humidity [w/w]). Fifteen grams soil was mixed with 10 mM P-buffer (8% w/w humidity) and filled into the glass tube. About 0.55 ml of a mix of pure VOCs (about 5 mM in 100% methanol) was pipetted in about 2 cm depth next to the connection points in the central vessel resulting in a final VOCs concentration of 0.1 mM per gram soil. VOCs were collected with Rotilabo®-silicone tubes (PDMS tubes; Carl Roth GmbH+Co. KG, Karlsruhe, Germany), which were placed into the soil of the central vessel as well as in the glass tubes at five different distances (Fig. 4a) . The PDMS tubes were pretreated as described by Kallenbach et al. [28] . After 30 or 60 min, PDMS tubes were removed and kept at −20°C until analysis. The experiment was replicated six times. To compare different diffusion abilities of the pure VOCs, a relative peak area was calculated: Relative peak area=Peak area at distance Dn/Peak area at distance D1.
DNA extraction and qPCR
DNA extraction was performed with DNeasy PowerSoil Kit (Qiagen Benelux B.V., Venlo, The Netherlands) as described in Supporting Information, Appendix S1. The DNA was quantified by NanoDrop and stored at −20°C until use.
All quantitative PCR (qPCR) were performed with a BioRad CFX96 C1000 Touch TM Thermal cycler according to the protocols described in Supplementary Information, Appendix S1. To transform qPCR data from 16S rRNA copy number into cell number, the 16S rRNA copy for each strain was determined, if not known from studies before (e.g. [29] ), by qPCR of genomic DNA extracted from the same liquid culture where CFU were counted in parallel. The obtained cell numbers were corrected by the initial soil weight used for DNA extraction.
Statistics
Multivariate analysis of processed and normalized (log transformation and mean centered) GC-MS data was conducted with MetaboAnalyst 3.0 (http://www.metaboanalyst. ca/MetaboAnalyst, Xia et al. 2015 [30] ). VOCs were accounted as produced for each treatment when the average peak intensity for all replicates per treatment was at least two-fold higher and significantly different (Student's t-test, P < 0.05) from the controls.
Differences in bacterial abundance per treatment observed by qPCR and differences in relative peak areas of diffused VOCs were analyzed with R 3.1.1 (http:// www.r-project.org/) using Anova followed by Tukey's HSD test [31] . Data were prior log-or square roottransformed to obtain normality of errors. Student's t-test was applied to analyze differences in the root and shoot biomass of Carex plants incubated with or without F. culmorum. Differences obtained by statistical tests were considered significant for P < 0.05.
Results
Infection of C. arenaria by F. culmorum PV Inoculation of C. arenaria with the soil-borne fungus F. culmorum PV resulted in a significant reduction of plant biomass. The root and shoot weight of infested plants was about seven times lower as compared to control plants (Table 1 ). Roots and leaves of almost all plants treated with the fungus were completely wilted after 5 weeks of incubation ( Figure S3 ), demonstrating that F. culmorum can be pathogenic to C. arenaria. Carex plants used for testing the attraction of soil bacteria by root VOCs showed clear infection symptoms belowground (dark brown dots at roots) after 8 days of incubation ( Fig. 1 and Supplementary Information Appendix S2, Figure S4 ). Furthermore, fungal growth was visible at the bottom of the shoot (Appendix S2 and Figure S4L ).
Bacterial attraction by root VOCs of C. arenaria
To evaluate a potential stimulation of bacterial migration in soil, towards VOCs released by F. culmorum or by C. arenaria, an olfactometer system was set up (Fig. 2 and Supplementary Information Appendix S1 and Figure S1 ). In this system, bacteria inoculated at one end in a soilcontaining glass tube could migrate towards VOCs that were produced by C. arenaria or F. culmorum in the central vessel. Migrated bacteria in the glass tubes were collected and quantified by qPCR. In the treatments with C. arenaria, the bacterial cell number per strain was up to three times higher as compared to the treatment consisting only of soil (Fig. 2b) , indicating that volatiles emitted from plant roots can attract soil bacteria. The stimulation of bacterial motility by plant VOCs released in presence or absence of F. culmorum was dependent on the access of nutrients. For example, stimulation of Paenibacillus was only observed by additional access to artificial root exudates while other bacteria (e.g. Burkholderia) were less attracted by the root VOCs in the presence of nutrients (Fig. 2b) .
The cell numbers of bacteria inoculated in soil supplied with ARE was about 30-1000 times higher (with exception for Dyella) as compared to bacterial cell numbers in soil without ARE (Appendix S2 and Table S3 ). The number of migrated bacteria at the end of the glass tubes filled with soil supplied with ARE were mostly above the amount of initial inoculum (Fig. 2b) . The ratios of migrated cells towards Carex to migrated cells in the control were significant higher for Burkholderia, Dyella, and Pseudomonas (1.8-3.3) when they were inoculated in soil without ARE as compared to the conditions with access to ARE (0.5-1.6; Appendix S2 and Table S3 ).
Using the olfactometer approach we tested if the infection of C. arenaria with the fungal pathogen F. culmorum Table S3 ). This indicates that VOCs emitted by the fungus in the absence of Carex could not stimulate bacterial motility and some bacteria like Burkholderia and Janthinobacterium were repelled (Fig. 2b) . (Appendix S2 and Table S4 ) and clear separations between the roots of C. arenaria, the fungus F. culmorum, and the control based on partial least-squares discriminant analysis were observed (Fig. 3a) . Although the VOC profiles of C. arenaria in the presence and absence of F. culmorum formed two distinct groups, these VOCs were more similar as compared to the VOCs profile of F. culmorum only (Fig. 3) . In total, most VOCs were detected for the treatments of C. arenaria inoculated with F. culmorum (86 versus 70 and 57 compounds for the treatments Carex and F. culmorum, respectively; Appendix S2, Table S4 ). The identified VOCs released by infected or non-infected plant roots belonged to the classes of aromatic compounds (49-51%), e.g. benzofuran or benzonitrile, and ester (14-17%) such as γ-capro-, γ-deca or γ-nonalactone (Fig. 3 and Appendix S2 and Table S4 ). Interestingly, in the presence of the fungus F. culmorum more alkanes and the monoterpene (Z)-limonene-oxid were produced in the rhizosphere of C. arenaria (Fig. 3 and Appendix S2 and Table S4 ). Most of the VOCs emitted by F. culmorum in soil were terpenes (21%) such as α-pinene or camphene and ketones (19%) like 2-nonanone or 3-octanone ( Fig. 3 and Appendix S2 and Table S4 ). In addition, several compounds were detected, which could not be assigned with certainty to a classified volatile organic compound and remained unknown.
Diffusion of pure VOCs in soil
The diffusion of pure VOCs representative of C. arenaria or F. culmorum VOCs blend (Supplementary Information Appendix S1 and Table S2 ) was measured in soil at various distances (Fig. 4a) . Except for Amylene hydrate all VOCs were traceable until a distance of 12 cm (Fig. 4b) . For most compounds such as benzofuran or benzonitrile the detectable amounts decreased drastically with sampling distance. To compare the different diffusion abilities of the pure VOCs, a relative peak area in relation to the amount detected at the starting point was calculated. The VOCs propanal, γ-nonalactone and dimethyl disulfide had the highest relative peak areas (>75%; Supplementary Information Appendix S2 and Table S5 ). Hence, some VOCs diffuse better over a long distance as compared to other compounds. The diffusion profile for α-pinene and camphene was very different, although these compounds belong to the same chemical class (monoterpenes) (Fig. 4b) . At 12 cm distance, the traceable amount of α-pinene was about 30 times lower as compared to camphene (Supplementary Information Appendix S2 and Table S5 ).
Discussion
Plant release a wide range of secondary metabolites through their roots including VOCs. A main role of those compounds is considered to be a defense as they are often used to fight off herbivory, pests, and pathogens [10, 32] . Although VOCs are generally considered as easily diffusible compounds in the soil matrix and important for belowground plant interactions [9] , limited knowledge exist about the role of plant VOCs for attracting beneficial soil organisms.
Here, we developed a glass olfactometer system in order to test the attraction of soil bacteria from a synthetic community to VOCs emitted by the roots of C. arenaria or by the plant-pathogenic fungus F. culmorum. Olfactometer systems have been used successfully to study aboveground plant-herbivories interactions [33, 34] or belowground plant-nematode interactions (e.g. [17] ). However, this is the first case to apply an olfactometer to study plant-microbe interactions.
Here, we revealed for the first time that VOCs emitted by plant roots play an important role in the long-distance attraction of bacteria from bulk soil. Interestingly, the addition of nutrients to the bulk soil in the form of ARE influenced the VOC-mediated plant-bacteria interactions. For example, Burkholderia, Dyella, and Pseudomonas were attracted less by root VOCs in the presence of nutrients while Paenibacillus was attracted only when additional nutrients were added to the bulk soil. These results suggests that under nutrient limitation certain bacteria might be intensely attracted by plant VOCs. Hence, plant VOCs can act as infochemicals providing information about a nearby nutrient-rich environment. It is plausible that some plant VOCs such as terpenes can function as a direct source of nutrients as reported previously [9] , explaining the increase in cell number of Janthinobacterium and Pseudomonas during the incubation in nutrient-poor bulk soil.
Using the olfactometer system, we tested how the infection with the pathogenic fungus F. culmorum affects the attraction of the soil bacteria. F. culmorum is an important fungal plant pathogen that causes diseases in a wide diversity of cereal and non-cereal crops and wild plants including C. arenaria [35] . Our results revealed that indeed some bacteria of the synthetic community such as Janthinobacterium, Collimonas, and Paenibacillus were more attracted to VOCs of infected plants. This indicates that plants can recruit specific bacteria upon biotic stress situations. Direct interaction assays between F. culmorum and Janthinobacterium, Collimonas, and Paenibacillus showed that those bacteria could successfully inhibit fungal growth (Supplementary Information Appendix S2 and Figure S5) . Moreover, previous studies demonstrated that mycophageous Collimonas strains have antifungal activity against various soil-borne pathogenic fungi [36] , produce a range of antifungal compounds [29] , and can successfully decrease fungal infections of tomato plants [37] . Similar results were reported for biocontrol strains of Paenibacillus [38] . The GC-MS analysis revealed that different blends of VOCs were produced by roots of C. arenaria as compared to F. culmorum. VOCs emitted by C. arenaria were mainly composed of aromatic compounds and esters. It is plausible that some of those compounds can be involved in plant defense against pathogens. For instance, benzofuran and benzofuran as well as acetophone, benzaldehyde, or nonanoic acid were previously shown to be root exudates components with antifungal activity [39] [40] [41] [42] [43] . Besides fighting against potential pathogens, specific root VOCs of C. arenaria can be involved in the attraction of distant bacteria. For example, it was reported that the ester γ-caprolactone can enhance the colonization of potato roots by Rhodococcus or Pseudomonas when applied in a hydroponic system [44] . Also for dimethyl disulfide despite its antifungal activity [45] , an attraction of soil organisms such as nematodes has been reported previously [46] and it can stimulate bacterial growth [23] . This suggests that same VOCs can fulfill different functions depending on the interacting partner.
Fungal infection affected the VOCs profile of C. arenaria and led to the emission of VOCs such as the monoterpene (Z)-limonene-oxid. Interestingly, an induction of terpene and terpenoid production upon fungal infection was previously observed for various plants [19] [20] [21] [22] , indicating that those compounds might play an important role in plant-pathogen interactions or attraction of beneficial bacteria important for plant protection.
The fungus F. culmorum emitted a specific blend of VOCs dominated by terpenes. Recently, it was demonstrated that those VOCs play an important role in the longdistance interaction with bacteria by affecting both motility and production of secondary metabolites [24, 47] . Here, VOCs of F. culmorum did not significantly stimulated bacterial motility and function as repellence as in the case of Burkholderia or Janthinobacterium. In accordance to previously reported antibacterial activity of fungal VOCs [24, 48, 49] , the compounds benzothiazole or terpenes including 1,8-cineole and camphene emitted by F. culmorum in soil might played a role in the inhibition of bacterial motility and growth.
Several VOCs produced by the roots of C. arenaria or F. culmorum were tested in a diffusion assay revealing that VOCs of different classes can disperse over long distance (>12 cm) in soil. This supports the hypothesis that VOCs can indeed play a significant role in long-distance belowground interactions.
Overall, this study provides novel information on the ecological importance of VOCs in plant-microbe interactions in soil. We demonstrated for the first time that distant soil bacteria can be attracted by plant root VOCs and revealed that plant VOCs emitted under a stress situation such as fungal infestation can recruit beneficial bacteria from outside the rhizosphere. In contrast to the vast majority of studies on VOC-mediated belowground interactions using very artificial conditions and studying only one-toone interactions (reviewed in [12, 13, 31] ), the olfactometer setting used in this study resembles more closely the natural conditions belowground. Thus, the obtained results can strongly contribute to the understanding of the VOCmediated interactions in an ecosystem context and pinpoint that VOCs [50] are important signals or antimicrobials with potential for application in agriculture.
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